PAS (PER-ARNT-SIM) superfamily, termed Drosophila by a kinase called DOUBLETIME (DBT) targeting it for rapid proteolysis (Kloss et al., 1998; Price et al., 1998). CLOCK (dCLOCK) and CYCLE (CYC; also referred to as dBMAL1), interact to form a heterodimer that binds to
Once threshold levels of monomeric PER and TIM are attained, formation of a PER-TIM complex is favored, E box DNA elements found in 5Ј upstream regions of per and tim stimulating their expression (Hao et al., 1997;  an event that likely overrides cis-acting cytoplasmic localization determinants present on each subunit enAllada et al., 1998; Darlington et al., 1998; Rutila et al., 1998; Lee et al., 1999) . PER and TIM physically interact abling the nuclear translocation of the complex (Saez and Young, 1996) . These regulatory events introduce to form a complex that translocates to the nucleus where PER, TIM, or both interact with the dCLOCK-CYC combiochemical time constraints that ensure the formation of the PER-TIM complex is slow, thereby delaying its plex (Lee et al., 1998) The importance of posttranscriptional regulation is further indicated by the observation that light induces rapid Despite the central role of circadian transcription in the Drosophila clock, posttranscriptional regulatory pathdecreases in the levels of TIM and consequent disruption of the PER-TIM complex (Hunter-Ensor et al., 1996; ways also make key contributions to the time-keeping mechanism (reviewed in Edery, 1999 with successive reductions at lower temperatures. A second highly reproducible effect of temperature is that, 1990) (Table 1) , and the activity of D. melanogaster during LD at the standard temperature of 25ЊC is bimodal in general, peak amounts of per and tim RNA are reached earlier during LD on colder days (i.e., 18ЊC) compared to with one peak centered around ZT0 ("morning" peak) and another around ZT12 ("evening" peak) ( Figure 1A , those that are warmer (i.e., 25Њ and 29ЊC). Nonetheless, these phase advances are essentially restricted to the middle and far left) (e.g., Hamblen-Coyle et al., 1992). Under these standard conditions, there is a gradual rise accumulation phase for per mRNA and the declining phase for tim mRNA. These temperature-dependent difin the evening activity of wild-type flies following a midday nadir that "anticipates" the light to dark transition. ferences in the peak levels and phase of the per and tim mRNA rhythms continued for at least 2-3 days in This anticipatory increase in activity is tightly controlled 01 flies were exposed to LD for 3 days at 29ЊC (lined vertical bars and light gray bars), while a third group was exposed to the same light:dark conditions but kept at 18ЊC (dark gray bars). On the fourth day, one group of flies from 29ЊC was subjected to an 18ЊC temperature step-down (light gray bars). Flies were collected at the indicated times (hours after beginning of temperature change). The ratio of type BЈ to type A was measured using RT-PCR. (F) per 01 flies were kept at 29ЊC in LD for 3 days. On the fourth day, at time 16 (i.e., 4 hr into the dark period), flies were subjected to a 29ЊC-18ЊC temperature step-down and were collected at the indicated times (minutes after beginning of temperature step-down). RNA was isolated from heads, and an aliquot was used to measure the ratio of type BЈ to type A (light gray bars), whereas a separate aliquot was used in a RNase protection assay to measure levels of per mRNA (black bars). per mRNA levels refers to per/RP49 values. constant dark conditions. A dramatic exception, howfirst day of DD, the timing of its daily upswing occurred 3-4 hr earlier at 18ЊC compared to the two highest test ever, is that during constant dark conditions at 18ЊC, oscillations in the levels of tim RNA quickly dampened temperatures ( Figure 1B) . Nonetheless, at 18ЊC the PER protein cycle is significantly advanced only on the first to trough amounts.
As might be predicted from the RNA profiles, daily day of constant dark conditions compared to LD ( Figure  1C ). This indicates that light is delaying PER accumulaoscillations in the levels of PER and TIM proteins were also modulated by temperature ( Figure 1C advance observed in the flies' locomotor activity during the abundance of tim mRNA is not acutely sensitive to variations in temperature (data not shown). These rethe transition from LD to DD at 18ЊC ( Figure 1A ; Table  1 ). (2) PER accumulated to higher levels at warmer temsults identified per RNA as a primary clock-specific target that responds to ambient changes in temperature. peratures ( Figure 1C , compare overall intensities in top two panels), although per RNA abundance was lower Based on these initial observations, we reasoned that understanding the molecular underpinnings governing under these conditions ( Figure 1B) . Again, this apparent discrepancy can be explained based on the observation the thermosensitivity of per mRNA abundance should reveal novel regulatory features of the D. melanogaster that TIM stabilizes PER. Thus, the low levels of tim mRNA and protein at cold temperatures limit the average clock and possibly provide important insights into how variations in temperature modulate the timing of locosteady state levels of PER that are attained during a daily cycle (see Discussion). (3) At 18ЊC, TIM protein motor activity in this species. In many cases, cis-acting elements that regulate mRNA stability, production, or continued to undergo robust oscillations in abundance during DD ( Figure 1C , lower panels) despite the strongly utilization are found in 3Ј untranslated regions (Jackson, 1993) . During our investigation of the structure of the 3Ј dampened cycling of its template mRNA ( Figure 1B Figure 3B, left) and display signifa qualitatively similar manner to that observed in wildtype flies, indicating that a functional clock is not reicant delays in the peak of evening activity (Table 2 ; Figure 3B , right). The striking similarities in the temperaquired for this response (compare Figures 2C-2E Figures 1A and 3A) , the daily activity rhythms of per A and per BЈ flies were preferentially dea temperature step-down on the ratio of type BЈ to type A begin to occur just prior to when increases in the layed under the shorter photoperiod (Table 2 ; data not shown), indicating that splicing at the per 3Ј intron plays overall levels of per mRNA are first detected ( Figure 2F ). For example, between 5 and 15 min after the start of a a more significant role in the "cold adaptation" of the clock when day length is short. We speculate that bestep decrease in temperature, the ratio of type BЈ to type A increases by approximately 17% (P ϭ 0.01, twocause a long photoperiod is more typical of seasonally warm days, it partially overrides the "contradictory" sigtailed t test), but there is no significant difference in per mRNA levels (P ϭ 0. to rescue locomotor activity rhythms at the standard flies exposed to 6:18 LD cycles at 29ЊC (Table 2) is not temperature of 25ЊC (Cheng et al., 1998). We measured clear because seasonally warm days are not usually the locomotor activities of the three different genotypes associated with short photoperiods. In summary, our at two temperatures (18ЊC and 29ЊC) and photoperiods findings specifically implicate splicing at the per 3Ј intron (12:12 LD and 6:18 LD) ( Figure 3B ; Table 2 ). For each in the advanced evening activity during cold days. transgene, the results from at least two independent lines were averaged. 4A and 4B ; data not shown), consistent with the behavioral results ( Table 2) .
The rationale for varying photoperiod is that in natural
As with the situation where flies were kept at 18ЊC, the temporal distribution of TIM at 29ЊC was similar for all Unlike the situation with PER, for each photoperiod tested, we did not observe reproducible differences in three genotypes exposed to identical photoperiods (data not shown). the timing of TIM appearance and disappearance in the three different genotypes (Figures 4C and 4D ; data not Analysis of the daily fluctuations in the levels of per transcripts revealed a striking differential response to shown). This is likely due to the predominant effect of In this study, we used D. melanogaster as a model system to understand how changes in average daily temcold temperatures, the amplitude in the abundance of the per RNA rhythm was severely dampened in both peratures influence the timing of activity rhythms. We show that similar to many other organisms, Drosophila per A and per BЈ flies (Figures 5A and 5C ). In sharp contrast, under warm conditions, the per RNA rhythms in all three are more night active at warmer temperatures, whereas daytime activity is more prevalent at colder temperagenotypes are similar ( Figure 5E ). These cold-induced effects were specific to per mRNA because at all tempertures (Figures 1 and 3) . Surprisingly, investigation of the underlying time-keeping mechanism revealed that atures and photoperiods tested daily cycles in tim RNA levels were similar for all three genotypes (Figures 5B, temperature regulates the levels of per and tim transcripts in opposite directions; for example, at colder 5D, and 5F; data not shown). Thus, the ability to splice the per 3Ј intron is a major regulatory event that underlies temperatures transcript levels of per are higher whereas those of tim are lower (Figure 1) . We show that a thermothe daily accumulation in the levels of per RNA at cold but not warm temperatures. Although cycles in per sensitive splicing event in the 3Ј UTR of per RNA plays a critical role in regulating daily upswings in the levels mRNA levels are severely dampened in the per A and per BЈ mutants at 18ЊC (Figures 5A and 5C ), in both cases of this transcript at low but not high temperatures (Figures 2 and 5 ). This cold-specific effect of splicing at the PER protein continues to undergo robust rhythms in abundance (Figures 4A and 4B) . This is not surprising 3Ј intron on per mRNA metabolism contributes to an early accumulation of PER protein (Figure 4 ) and preferbased on earlier findings demonstrating that daily fluctuations in TIM levels are sufficient to drive a rhythm in ential daytime activity of flies at low temperatures (Table  2 ; Figure 3) . Importantly, the delayed activity rhythms the abundance of PER even when per mRNA is constitutively expressed (e.g., Suri et al., 1999) . However, as of the per A and per BЈ mutants at cold temperatures are not accompanied by changes in free-running periods results using the mutants clearly show, the timing of PER accumulation at 18ЊC is strongly modulated by the (Table 2 and Figure 3B ). We are not aware of any other mutation in a clock gene that specifically affects phase upswing in per mRNA levels. Together, our findings strongly suggest that at low temperatures the PER accuwithout altering period length. These results further indicate a physiological role for splicing of the per 3Ј intron mulation rate is controlled by both the advanced increase in per mRNA levels and the concentration of TIM in determining the phase of the clock on cold days. Because the stability of PER is highly dependent on (see Discussion). TIM, photoperiod influences the cold-induced advances in the per mRNA and protein cycles by regulating the timing of TIM accumulation. Our findings suggest a mechanism for how a circadian clock can adapt to seasonal decreases in temperature and day length. 1C, 4C, and 4D) . Importantly, the cytoplasmic stability of PER is highly dependent on ( Figures 4A and 4B) Figure 1B) and that splicing of the 3Ј intron is necessary for the stimulathat underlie many circadian oscillators might enable these time-keeping devices to simultaneously sample tion in per mRNA levels at cold temperatures ( Figure 5) . We propose that the enhanced splicing of the per 3Ј and integrate multiple environmental modalities resulting in rhythms that are optimally adapted to the preintron "primes" the clock with the ability to maintain a cold-adapted phase. The advance in the phase of the vailing local conditions. per mRNA cycle that underlies this cold adaptation can be partially neutralized by long photoperiods that are 
